In the present work, we have developed an efficient catalytic procedure for the chemo-selective acetylation of various substrates like amines, phenols and alcohols into their corresponding acetylated products using acetyl chloride in the presence of catalytic amount of metal acetylacetonates covalently anchored onto amine functionalized silica under solvent-free conditions. The catalysts were characterized by FT-IR, TGA and AAS analysis. The most active catalysts, SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 were further characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). The catalysts were found to be stable and recycled several times without significant loss of activity. Easy preparation/heterogeneous nature of catalyst, solvent-free mild reaction conditions, higher yields and versatility towards various substrates make this method a facile tool for acetylation of various functional groups.
INTRODUCTION
Selective protection of alcohols, phenols and amines is one of the most desirable transformations since it provides an efficient and inexpensive means of protecting hydroxy and amino groups in a multistep synthetic process [1] . These transformations are usually performed with acetic anhydride and/or acetyl chloride in the presence of stoichiometric amounts of either basic or acidic catalysts. A variety of procedures using homogeneous or heterogeneous catalysts [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have been reported for this transformation. Although these procedures provide an improvement, yet many of these catalysts or activators need long reaction times, drastic reaction conditions or tedious work-up, and the catalysts are moisture sensitive or expensive.
In order to overcome above problems, development of green procedures using heterogeneous catalysts under solvent-free conditions has aroused great interest in recent years [21] since organic reactions run under solvent-free conditions have added advantages of formation of cleaner products and avoidance of toxic or volatile solvents. Heterogeneous catalytic materials play a very important role in the selective protection of functional groups, thus leads to economically advantageous, environmentally friendly and also improved process conditions for large scale synthesis [22] [23] [24] [25] [26] . In recent years, the development of covalently anchored heterogeneous catalysts has become a major area of research. These catalysts offer advantages over noncovalent analogues such as increased stability in harsh reaction conditions due to stronger bonding forces between *Address correspondence to this author at the Department of Chemistry, University of Jammu, Jammu-180 006, India; Tel: +91-191-2453841; Fax: +91-191-2431365; E-mail: paul7@rediffmail.com support and catalyst. The immobilized catalysts are stable and leach proof, since covalent bonds are formed between the solid support and metal complex [27] [28] [29] . With a stronger attachment, there is less aggregation and loss of single site nature. From a practical viewpoint, the development of simple, inexpensive, widely applicable and environmentally benign catalysts/procedures is still an active area of research.
In the continuation of our studies on the applications of supported metal acetylacetonates [30, 31] as heterogeneous catalysts in organic transformations, we wish to report a mild and efficient method for the acetylation of amines, phenols and alcohols under solvent-free conditions (Scheme 1). The ultimate goal of this effort is to develop catalysts that impart selectivities, reactivity, and atom economy needed for costeffective approaches to a variety of critical chemical transformations. Supported metal acetylacetonate complexes may not only serve as an overview of the fast growing field of transition-metal catalysis but also provide inspirations for the future discovery of more efficient and practical catalysts to help to tackle the economical and ecological challenges in the twenty-first century. We believe that the present protocol could be an important addition to the existing methodologies.
MATERIALS AND METHODS

General Remarks
The chemicals used were either prepared in our laboratories or purchased from Aldrich Chemical Company or Merck. The spectral data of the products were compared with those obtained from Aldrich, unless otherwise specified by a reference. The 1 H NMR data were recorded in CDCl 3 or DMSO-d 6 on Bruker DPX 200 spectrometer and FTIR spectra on Perkin-Elmer FTIR spectrophotometer. The mass spectral data were recorded on Bruker Esquires 3000 (ESI). SEM images were recorded using Jeol make T-300 Scanning Electron Microscope and Transmission Electron Micrographs (TEM) were recorded on H7500 Hitachi. The amount of metal in catalysts was determined by AAS analysis and thermal analysis was carried out on Linsesis STA PT-1000 make thermal analyzer. All yields refer to the isolated yields.
General Procedure for the SiO 2 -Co(acac) 2 Catalyzed Acetylation of Amines Under Solvent-Free Conditions
To a mixture of amine (1 mmol) and acetyl chloride (1 mmol) in a round bottom flask (25 mL), SiO 2 -Co(acac) 2 (0.1 g, 2.4 mol% Co) was added and the reaction mixture was stirred at 50 o C under solvent-free conditions for an appropriate time ( Table 1) . After completion of the reaction (monitored by TLC), the reaction mixture was cooled to room temperature, diluted with ethyl acetate and filtered. The residue was washed with hot ethyl acetate (30 mL), followed by distilled water (150 mL). The organic layer was washed with water and dried over anhydrous Na 2 SO 4 . Finally, the product was obtained after crystallization with EtOAc: pet ether.
General Procedure for the SiO 2 -Cu(acac) 2 Catalyzed Acetylation of Phenols and Alcohols Under Solvent-Free Conditions
A mixture of phenol or alcohol (1 mmol), acetyl chloride (1 mmol) and SiO 2 -Cu(acac) 2 (0.1 g, 1.7 mol% Cu) was taken in a round bottom flask (25 mL) and stirred at 50 o C under solvent-free conditions for an appropriate time ( Table 2) . After completion of the reaction, the reaction mixture was cooled to room temperature, diluted with ethyl acetate and filtered. The residue was washed with hot ethyl acetate (30 mL), followed by distilled water (150 mL). The organic layer was washed with water and dried over anhydrous Na 2 SO 4 . Finally, the product was obtained after crystallization with EtOAc: pet ether.
The structures of the products were confirmed by IR, 1 H NMR, mass spectral data and comparison with authentic samples obtained commercially or prepared according to the literature methods.
RESULTS AND DISCUSSION
Catalyst Preparation and Characterization
Silica functionalized metal acetylacetonates were prepared following the earlier reported procedure [30] .
All the six heterogeneous catalysts were characterized by FTIR, TGA and AAS analysis [30] . The FTIR spectra of silica and AMPS exhibited strong bands, which are characteristic of the support matrix. The bands in the range of 3765-3308 cm 1 were assigned to surface -OH groups and two strong bands at about 1103 and 799 cm 1 were assigned to as (Si-O-Si) and s (Si-O-Si), respectively. After surface 2 contained 0.011 g of copper, per g of the catalyst. The stability of the catalysts was determined by Thermo Gravimetric Analysis (TGA). The TGA was recorded by heating the sample at the rate of 10 °C min 1 . The TGA curve of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 showed an initial weight loss up to 120 °C, which was attributed to loss of the residual solvent and water trapped onto the surface of silica. Further, decomposition of organic functionalities starts from 260 to 450 °C. The major weight loss at high temperature is characteristic of chemisorbed material and confirms that the aminopropyl group is chemically bound onto the surface of silica. Thus, the catalysts are stable up to 260 °C and it is safe to carry out the reaction at 50 °C under heterogeneous conditions. In addition to this, the most active catalysts were further characterized by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). The microstructure and morphology was studied using SEM ( Fig. 1) which showed uniform surface morphology. The SEM images of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 showed a very slight roughening of the top surface of the catalyst which may possibly be due to the interaction of Co(acac) 2 and Cu(acac) 2 with the surface of the support material. The TEM images (Fig. 2) provided the distribution of cobalt and copper onto the surface of aminofunctionalized silica. No bulk aggregation of the metal occurred indicating that cobalt and copper are dispersed evenly onto the surface of support material. Furthermore, in the TEM images the black colour spots could be attributed to the presence of grafted Co and Fig. (1) . SEM images of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 .
SiO 2 -Co o(acac) 2
SiO 2 -Cu(a acac) 2 Cu-sites formed due to the coordination of AMPS with Co(II) and Cu(II) at the surface.
Catalyst Testing for the Acetylation of Amines, Phenols and Alcohols Under Solvent-Free Conditions
Initially, to select the most appropriate heterogeneous metal acetylacetonate catalyst, the acetylation of the test substrates was carried out using different silica functionalized metal acetylacetonates [SiO 2 -M(acac) n (M= Co, Cu, Mn, Pd and Ru, n= 2 or 3, 2.4 mol% metal] at 50 °C under solvent-free conditions ( Table 3 ). The screening of various catalysts allowed us to select SiO 2 -Co(acac) 2 as the most effective catalyst for acetylation of amines and in case of phenols and alcohols, SiO 2 -Cu(acac) 2 was found to the best among rest of the catalysts ( Table 3 , entries 1 and 5).
While optimizing the different acetylating agents, acetyl chloride was found to be superior over acetic anhydride or acetic acid for the acetylation of amines, phenols and alcohols. The results are presented in Table 4 . Varala has reported the acetylation of phenols and alcohols with acetic anhydride while acetyl chloride was used for amines [32] . Acetylation with acetic anhydride or acetic acid did not give good results with our catalytic system (Table 4) which clearly demonstrates that the acetylation is dependent on the nature of the catalyst.
To study the applicability of this method, wide range of anilines containing various electron-donating (Table 1, entries 2, 3, 4, 8, 9 ) and electron-withdrawing groups ( Table  1, entries 5, 6, 7, 10, 11) , and aliphatic amine ( Table 1 , entry 12) were taken and excellent results were obtained in each case affording the corresponding acetylated products in good yields. Furthermore, heteroaromatic amines and thiols ( Table  1, entries 13, 14) were also converted to corresponding products in excellent yields. Phenolic compounds containing electron-withdrawing groups ( Table 2, entries 1, 2, 3 ) also undergoes acetylation under the selected conditions. In general, acetylation of phenols proceeded relatively slower as compared to amines whereas the alcohols were selectively converted to corresponding acetates in quantitative yields ( Table 2) . Among the various hydroxy compounds studied, benzylic alcohols were found to be most active, giving the Fig. (2) . TEM micrographs of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 . correponding acetylated products within a very short reaction time ( Table 2 , entries 7, 8).
In order to find out the role of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 as the heterogeneous catalysts, the reaction was carried out in case of entry 5 ( Table 1 ) and entry 2 ( Table 2) in the presence of activated silica, 3-aminopropyl silica (AMPS) and without using any catalyst. The results are summarized in Table 5 . It is clear that SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 catalyzes the acetylation reaction. To study the deactivation and recyclability of the catalysts, a series of five consecutive runs were carried out with SiO 2 -Co(acac) 2 
Number of runs
Acetylation of amines
Acetylation of phenols and SiO 2 -Cu(acac) 2 under the optimised conditions ( Table 1 , entry 1, Table 2 , entry 6). The results are shown in Fig. (3) , which indicated that, there is insignificant change in the activity of the catalyst up to 5 th use. Further, there is no change in the amount of Co or Cu in SiO 2 -M(acac) 2 after 5 th use (as determined by AAS analysis).
CONCLUSION
In conclusion, we have developed a mild and efficient method for the acetylation of amines, phenols and alcohols using covalently anchored SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 under solvent-free conditions. A variety of amines, phenols and alcohols were selectively and efficiently converted into corresponding products by treatment with acetyl chloride in the presence of catalytic amount of SiO 2 -Co(acac) 2 and SiO 2 -Cu(acac) 2 . The use of silica functionalized metal acetylacetonates as highly efficient, easy to handle, non-toxic and reusable catalysts makes the present procedure eco-friendly and economically acceptable. Furthermore, the reaction conditions are fast, operationally simple, reasonably clean, high yielding and do not require excess reagents, which make this procedure a useful and attractive addition in the field of modern organic synthesis.
